Introduction
In the early 1980s the cheetah ( Acinonyx jubatus ) was diagnosed as having low genetic variability (O'Brien et al. 1983 (O'Brien et al. , 1985 , and, given its low density in the wild and poor breeding performance in captivity, it became the prime example of how low heterozygosity might cause a species to become endangered. Later, however, detailed ecological studies showed that predation on cheetah cubs by lions ( Panthera leo ) and spotted hyenas ( Crocuta crocuta ) were chiefly responsible for low densities in the wild (Laurenson 1994) , and better husbandry now appears to be the key to successful breeding in captivity (Wielebnowski 1996) . Given the opaque link between genetic variation and population viability, we are as yet unable to determine the relative importance of genetic versus environmental factors in cheetah conservation, but we can assess the ecological viability of a protected population living with other large predators with a systematic population viability analysis (PVA).
The first attempt to model the population dynamics of wild cheetahs was made by Laurenson (1995) , who used a simple model of birth, recruitment, and death to suggest that high juvenile mortality in Serengeti cheetahs was the factor responsible for limiting population growth rate in that ecosystem. Using a simulation model, Vortex, to examine population viability, Berry et al. (1996) focused on cheetahs in Namibia. Their results suggest that population growth rate is sensitive to "human induced adult mortality" (i.e., hunting pressure) and to cub mortality. More recently, Crooks et al. (1998) used published data on Serengeti cheetahs Caro 1994; Laurenson 1995) to examine the sensitivity of the population growth rate to changes in demographic parameters. Their analysis suggests that variation in adult rather than juvenile mortality is the prime factor affecting cheetah populations in the wild, calling into question Laurenson's (1995) conclusion that predation on juvenile cheetahs has an important influence on the viability of the Serengeti cheetah population.
Each of these studies has weaknesses. Laurenson's (1995) analysis relied primarily on a limited 3-year data set (1987) (1988) (1989) (1990) . Berry et al. (1996) used a combination of data from two different populations in Namibia and Serengeti to estimate demographic parameters in their simulation model. The large Namibian cheetah population (approximately 2500 individuals) suffers from high hunting pressure on farmlands outside protected areas where other large predators are generally absent (Berry et al. 1996) , whereas the Serengeti cheetah population is smaller and persists in the presence of other large predators. Berry et al. also relied on educated guesswork to estimate the variance in the demographic parameters. Finally, Crooks et al. (1998) analyzed only population growth rate ( ). Their finding that adult survival exhibits the strongest influence on deterministic population growth is not unusual in large mammals and is common in longlived, iteroparous species (Goodman 1981; Crouse et al. 1987; Trites & Larkin 1989; Brault & Caswell 1993; Durant 1998 a ) . Such a finding says little about a population's risk of extinction. Sensitivity analyses of lambda have been criticized (McCarthy et al. 1995) in part because populations that have positive population growth on average are still subject to extinction (Lacy 1993) . The result of interest in a PVA is not solely the deterministic population growth rate but also the risk of stochastic decline or extinction (Shaffer 1990; Burgman et al. 1993) .
In short, there is still a need for a PVA of Serengeti cheetahs based on robust, long-term demographic data that includes an overall estimate of population growth, analysis of extinction risks, and the effects of other large predators. We used 20 years of data on Serengeti cheetahs to construct such a PVA. We examined the deterministic growth rate, lambda, to determine if strong population trends exist and then used our stochastic model, Popgen, to project population size and analyze the sensitivity of extinction risk to changes in demographic parameters. Because different PVA simulation models can produce widely different projections even when input parameters are standardized across programs (Mills et al. 1996) , we compared our model projections with the actual data. Finally, we incorporated the effects of different numbers of lions on juvenile cheetah survival.
Methods

Study Area and Population
Sightings of cheetahs were recorded across a 2200-km 2 study area in the southeastern plains and woodland borders of the Serengeti National Park in Tanzania since 1969 (Caro 1994) . Cheetahs can be individually identified by distinctive spot patterns on their face, belly, and haunches. Records taken before 1991 were matched with the aid of a computer recognition program, which ranked the most likely matches by using autocorrelation coefficients between photographs (M.J.K., unpublished data). Computer matches were confirmed by M.J.K. Records after 1991 were matched at the time of sighting, or soon after, with a photographic index. Some individuals were seen only once during the 25-year study. These cheetahs were designated as transients and were not used in our analyses.
Estimation of Demographic Parameters
We used data collected from 1975-1994 on Serengeti cheetahs to estimate vital rates. We did not use data from 1969-1974 and 1978-1979 because search effort was low during these years.
AGE OF FIRST REPRODUCTION , SURVIVAL , AND LONGEVITY
Average age at first reproduction is 2.4 years, and the youngest female observed to produce cubs was 2 years old (Kelly et al. 1998; S.M.D. et al., unpublished data) . We used 2 years as an optimistic estimate of the age at which females begin breeding. Survival is lower for adult males than for females (Caro & Collins 1987; S.M.D. et al., unpublished data) . In addition, males are more likely to disperse out of the study area, which further decreases measured survival rates (Caro 1994) . We therefore calculated survival for adult females ( Ն 2 years old) and adolescent females (1-2 years old) (Fig. 1) , and the resulting figures were used for both males and females. Although we present the dynamics of adult females only, we accept that assuming equal survival for males may produce optimistic extinction risks, particularly at low population sizes.
Many cheetahs in the study population were seen infrequently, so the time of last sighting did not necessarily correspond to the time of death. We therefore calculated survival using a formula to estimate time of death from the intersighting interval for each individual. The formula calculates the probability that an individual is dead in a certain time interval given that it has not been seen, assuming that time of death and time between sightings follows an exponential distribution (S.M. D. et al., unpublished data) . By calculating the interval that sets this probability equal to 0.5, the formula should therefore underestimate and overestimate time of death for equal numbers of individuals; hence, the estimated survival rate should be close to the actual survival rate. Once time of death was calculated, we estimated annual survival rates as the proportion of individuals surviving in each year.
Total variance in survival was composed of two components, demographic and environmental variance. We estimated environmental variance in the survival rate as that portion of the variance that was not accounted for by demographic stochasticity. This method does not exclude variance caused by sampling error. Although we expect this error to be low in the cheetah population because individuals were seen relatively frequently, sampling error inclusion increases environmental variability estimates. This is a conservative approach because it results in higher extinction risks.
It is often assumed that demographic stochasticity in the vital rates follows a binomial distribution . In Popgen, environmental variance is modeled as a series of discrete disasters exponentially distributed through time. For Popgen simulations, we adjusted the strength and frequency of disasters until the expected variance ( E var ) was identical to that measured by means of the following equation: where p is the proportionate survival in a disaster year, is the frequency of disaster, s is the long-term survival, and N is the population size .
The oldest individual observed in the cheetah population was one female who reached 14 years of age. No female older than 12 years was seen to produce cubs, so we used this figure for longevity.
BIRTH RATE AND SURVIVAL TO ONE YEAR
During their first 2 months of life, cheetah cubs are confined to a den (Laurenson 1993) . During this period and in the 2 months after they leave the den, they suffer high mortality, with approximately 11% of all cubs surviving to 4 months (Laurenson 1994) . It was impossible to estimate how many cubs were born in each year of this study because females often were not seen for long periods and many births were unrecorded. Nevertheless we were able to measure recruitment to 12 months from our long-term data set (Fig. 1) . Recruitment can be used to fix juvenile survival and birth rates at a value that ensures the same recruitment as observed in the long-term study. From the females known to produce a litter, we calculated recruitment for each year as the number of cubs that survived to 12 months per adult female. We did not include females if the fate of their cubs was unknown.
We partitioned recruitment into the two components used by our model, the birth rate and the survival rate from 0 to 1 year of age. Between 1987 and 1990, Laurenson conducted an intensive study of survival rates of cubs in dens. She estimated that between 4% and 5.6% of cubs survive to independence at 14 months of age (Laurenson 1994) . Because this estimate was most likely made when the population was declining (S.M.D. et al., unpublished data), for the purposes of this analysis we assumed a slightly higher, conservative figure of 10%. The birth rate was then set to equal our measure of recruitment observed from the long-term data set divided by our figure for juvenile survival. The variance in juvenile survival for 0-1 years was set equal to the same proportion of the mean as in adolescent survival.
LITTER SIZE
Popgen requires the average litter size per year and the maximum number of young per litter per year. These can be difficult figures to obtain in a nonseasonal breeder such as the cheetah, that can produce more than one litter per year. We used the following methodology for converting litter sizes to annual parameters.
Cheetahs have a gestation time of 3 months. If a mother loses her cubs, she can come into estrus and conceive again quickly, often within 2 weeks . We therefore assumed that a cheetah mother could give birth to a maximum of three litters a year. This effectively divided each year into three 4-month periods, or litter-producing intervals, during which a female could produce a new litter. We used Laurenson's (1995) data to estimate litter size at birth. Cheetahs give birth to an average of 3.5 cubs, with litter size ranging from 1-6 cubs. We took the probability of a female giving birth to a litter of a given size as the proportion observed by Laurenson (Table 1) . Therefore a cheetah could produce a maximum of 18 cubs in a year. We calculated the chance of annual litter sizes from 0 to 18 cubs as follows.
If p l is the probability of producing a litter in each litter-producing interval, then P n , the probability of producing n cubs in a year, equals
We used this formula to calculate the probability of each litter size up to the maximum possible. For example, we calculated the probability of producing 6 cubs as where p n is the probability of producing n cubs per litter.
By doing this for each possible litter size, we generated a series of equations for P 0 , P 1 , . . . P 18 ( Table 1) that we used to calculate the mean number of cubs produced per year:
We set this equation equal to the birth rate and solved the equations iteratively for p l . The proportion of females that did not produce cubs in a given year was then (1 -p l ) 3 . Our model does not deal with the fact that individual mothers who lose cubs will reproduce more quickly than mothers who do not, but this has no effect on the mean reproductive rate. Nonetheless, because we have not included the covariance between predation and litter production rates, the variance in our reproductive rate is likely inflated, which potentially increases extinction probabilities.
)p l 2 probability a female produces n cubs in 2 litters p l 3 probability a female produces n cubs in 3 litters.
We were able to determine the proportion of females breeding per year, but because many female cheetahs in this study could have bred and lost a litter without being observed, we were unable to obtain from our long-term records a direct measure of variation in the proportion breeding. We entered a range of values in standard deviation from 5% to 40% of the mean proportion breeding and found no effect on extinction risk. Therefore, we set the standard deviation caused by environmental stochasticity equal to 10% of the mean.
Deterministic Model
Analysis of the deterministic model can indicate if strong population trends exist, and sensitivity analysis can determine which vital rates have the greatest effects on lambda (Beissinger & Westphal 1998) . If a population has a stable age structure, then the growth rate () is given by
where l is the annual juvenile survival rate, m is the reproductive rate, d is longevity, ␣ is the age at first reproduction, and p is the annual adult survival rate (Durant 1998a) . We determined the population growth by solving the equation for different values of each of the parameters while holding all other parameters constant at their mean values. We varied each parameter, solving for lambda, to examine the sensitivity of the growth rate to the different parameters in the model.
Simulation Model
There is a critical need to test PVA models to determine whether their projections accurately reflect the behavior of actual populations. Soulé (1987) suggests testing models by comparing their projections to field data from long-term studies. Brooks et al. (1997) compared the behavior of PVA simulation models to data collected over 15 years from Lord Howe Island Woodhens (Tricholimnas sylvestris) and found that the programs diverge dra- cubs are, respectively, 0.0375, 0.0375, 0.4000, 0.3200, 0.200, and 0.0050 (Laurenson 1992) . The probability of producing a litter in each litter-producing interval, p l , was set to 0.4986 to ensure that the mean number of cubs per year was equal to 5.419 (equivalent to observed recruitment to 12 months divided by a survival of 0.1).
matically from actual census numbers and from one another, depending on the details of the model and the input parameters. Lacy et al. (1995) advises using only packages that have undergone such retrospective testing. In light of these studies and recommendations, we modeled the cheetah population using an individualbased model and compared the results to the actual population size estimates over the past 20 years. We used the model Popgen (Durant 1991) , which is not commercially available but has been described in previously published papers Durant & Mace 1994; Durant 1998a) . We tested our model by using the demographic parameters averaged from the entire study (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (Table 2 ) as input and compared the model output with actual data from those years. Years 1978 and 1979 were excluded because there were no field researchers engaged in full-time study of cheetahs during those years (see Kelly et al. 1998 ). We present the population size for adult female cheetahs only. All modeling results were based on 1000 simulations.
In our simulations, density dependence was modeled as a population ceiling set at 1000 individuals. This is appropriate given that the Serengeti population does not appear to show signs of density dependence. Positive correlations were found between annual adult cheetah numbers and the total or average numbers of cubs raised to independence per year (Kelly et al. 1998) . Also, prey biomass per cheetah is higher in the Serengeti than in any other protected area in Africa (Laurenson 1995) , implying that prey availability is not limiting. The choice of 1000 individuals is somewhat arbitrary. Total adult population size in the Serengeti is estimated at 250-300 individuals (Caro & Durant 1995) . Our model therefore allows room for population growth before truncation.
Popgen is an individual-based model that incorporates demographic stochasticity by determining the fate of individuals annually through sampling from a uniform distribution on the interval (0,1) using a pseudo-random number generator (Durant 1991; . Environmental stochasticity is modeled as a series of discrete disasters distributed exponentially through time. These disasters reduce the mean survival or birth rate to a low value during the year in which they occur. The number of survivors or offspring are then calculated from a binomial distribution, in which the mean rate of survival or birth in a disaster year is substituted for that in a disaster-free year. Therefore, numbers of survivors and births are still distributed binomially in a disaster year, but their means are lower than they would be in a disaster-free year. We adjusted the strength and frequency of disasters until the expected variance was identical to that measured. Disasters in this sense did not correspond to actual events that occurred in the cheetah population but rather were used as a method of incorporating environmental variance. We did not incorporate catastrophes per se, although this way of modeling variance is equivalent to including minicatastrophes.
A PVA model requires a total starting population size. Because our most accurate population size estimates are for adult female cheetahs, we worked backwards from the stable age distribution to obtain a total starting population size. For example, 42 adult females (Ն2 years old) were identified on the Serengeti Plains in 1994, the last year of this study. This results in an estimated total population size of 330 cheetahs, including young cubs, assuming a stable age structure. For long-term simulations based on our best estimates, we took 330 as the starting population size. For our model validation trials, we started with 301 cheetahs or 38 adult females, the average population size over the whole study.
Extinction Risk Simulations and Long-term Projections
We analyzed the sensitivity of extinction risk to changes in model parameters through simulation modeling. Extinction risk was defined as the proportion of extinctions out of 1000 population simulations over 50 years. We concentrated on the two parameters with the greatest effect on the population growth rate, adult and juvenile survival, as determined from the sensitivity analysis. Juvenile survival was further partitioned into two age Excludes years 1975 Excludes years , 1978 Excludes years -1980 Excludes years , and 1982 classes: 0-1 years old and 1-2 years old. We varied these three model parameters-juvenile survival (0-1 years), adolescent survival (1-2 years), and adult survival-one at a time while holding the other parameters constant at their mean. We also examined the sensitivity of extinction risk to changes in environmental variation surrounding these parameters by allowing environmental variance in the parameter of concern to vary in simulations and holding the environmental variance of the remaining parameters constant at values measured from the study.
Lion Trials
To estimate the effects lions have on the viability of the cheetah population, we used estimates of recruitment from an analysis of long-term trends in cheetah survival and recruitment in relation to the numbers of lions as estimated from a similar long-term study on lions (S.M.D. et al., unpublished data; C. Packer, unpublished data). A generalized linear model fitting recruitment to cheetah and lion numbers and controlling for prey and rainfall effects showed that recruitment was significantly related to cheetah and lion numbers through the interactions between cheetah and gazelle numbers and cheetah and lion numbers (S.M.D., unpublished data). When rainfall, gazelle, and cheetah numbers were fixed at their average values over the course of the study, this model predicted recruitment to be 0.09 cubs per adult female when lion numbers were at a maximum recorded during the course of the study, whereas recruitment was predicted to be 0.74 when lion numbers were at the minimum. The lowest number of lions, 72 adult females, occurred in 1975, the highest, 120 adult females, occurred in 1986. The average number of lions was 98, which resulted in a recruitment level of 0.24. We incorporated these three values for recruitment in our simulations by adjusting juvenile survival from 0 to 1 years.
Results
Demographic Parameter Estimation and Deterministic Model
We calculated demographic parameters from the entire data set from 1975 to 1994 (Table 2 ). The mean and variance in annual recruitment to 12 months for this period were 0.5419 and 0.0899 cubs per adult female, respectively, for 410 individuals. This resulted in a mean birth rate of 5.419 cubs per year (assuming a survival rate of 0.1 to 1 year). We estimated a proportion of 0.8740 females breeding in any given year and calculated the annual litter-size distribution (Table 1) . The results of the deterministic model showed no strong population trend but rather, on average, that the cheetah population was nearly self-replacing ( ϭ 0.997). We examined the sensitivity of the population growth rate using the survival parameters from Table 2 . The growth rate was most sensitive to adult survival, followed by juvenile survival (Fig. 2) . Adult survival was already high, however, and much greater increases in juvenile survival would be possible, perhaps representing greater potential for population increase. Growth rate was less sensitive to the birth rate and age of first reproduction and least sensitive to longevity.
Comparison of Model Outcomes to Data
To examine the performance of Popgen, we ran the model using demographic parameters estimated from the entire study (Table 2 ) and compared the output with actual population size during those years (Fig. 3a) . All population size estimates for the simulations were averaged over only those trials that persisted, a process that inflates average population size estimates. There were, however, zero extinctions under demographic stochasticity and only eight under environmental stochasticity for the 20-year simulations. The average population trajectory under demographic stochasticity alone projected a stable population. With environmental stochasticity, Popgen produced lower average population sizes, but confidence limits were large (Fig. 3b ). An inherent property of the models was that population fluctuations became much more dramatic when environmental stochasticity was added, and the range of pro-
Figure 2. Sensitivity of the population growth rate () to changes in the various demographic parameters. The bend in the line for age of first reproduction is an artifact of defining only integers for this parameter. The line for adult survival is truncated at the right because a 17% increase in this parameter results in 100% survival.
jections becomes enormous. Although actual population sizes fell within the projected range under environmental stochasticity, the large confidence intervals made it difficult to defend any single population projection.
Extinction Risk Sensitivity, Long-Term Model Predictions, and Lion Trials
Extinction risk was most sensitive to percentage changes in adult survival (Fig. 4a) . When we examined actual survival values, however, juvenile survival (0-1 years) exerted a strong influence on extinction risk, comparable to that of adult survival (Fig 4b) . Extinction risk was also sensitive to changes in environmental stochasticity in all survival rates (Fig 4c) . Variance in adolescent survival, was already so high in the cheetah population, however, that it was only possible to increase it slightly. One-hundred-year population simulations showed, as expected, a much higher risk of extinction under environmental stochasticity (Table 3) .
We adjusted juvenile survival to give the recruitment levels predicted for high, average, and low numbers of lions. This resulted in rates of juvenile survival to 1 year of 0.0172, 0.0446, and 0.1376 for high, average, and low numbers of lions, respectively. We used these values while holding all other parameters at their mean values. In 100-year simulations, high lion abundance and average lion abundance resulted in extinction of nearly all populations by 50 years with and without environmental stochasticity (Fig. 5) . At low lion abundance, extinction risk remained close to zero, and the population size of cheetahs increased in number up to our arbitrary carrying capacity.
Discussion
Population viability analysis models are no better than the data upon which they are based (Doak et al. 1994 ). Extinction probabilities, as well as minimum viable populations and time to extinction, are highly influenced by how accurately model parameters are estimated (Taylor 1995) . Predictions are often unreliable because of poorquality data and difficulties in estimating variance in demographic rates (Beissinger & Westphal 1998) . Most studies of long-lived, iteroparous species rely on few years of data and often have poor estimates of variation in demographic parameters (Shaffer 1983; Lande 1988a; Boyce 1992 ). In using PVA as a predictive tool or to provide suggestions for management, it is essential to scrutinize the robustness of parameter estimation and model projections (Boyce 1992) . We used a comprehensive 20-year data set to estimate means and variances in model parameters, and we compared our model projections with the actual field data. Although the actual cheetah population size fluctuated, the average population projection for our demographic stochasticity model reflected a relatively stable population size with no fluctuations. Such is the nature of taking an average over 1000 simulations. Demographic stochasticity trials suggested stability, but the environmental stochasticity trials were slightly more pessimistic. The deterministic model produced a nearly stationary deterministic growth rate for the cheetah population ( ϭ 0.997). Although lambda estimates should increase in accuracy with the length of time over which parameters are estimated, we hesitate to suggest that the cheetah population is stable in the long term. We do not know the proportion of immigrants to the study site or if the population depends on supplementation from elsewhere. Furthermore, only when a population is at its stable age distribution is the overall growth rate measured by lambda. This assumes that no environmental or anthropogenic perturbations have altered relative ratios of demographic parameters and different age classes in recent times (Burgman et al. 1993) . This is perhaps an unrealistic assumption for most endangered species. Nevertheless, it is still encouraging that our deterministic results did not show a strongly decreasing population trend.
Examining the sensitivity of the deterministic growth rate gives us an idea of how variability or uncertainty in estimations of particular demographic parameters will affect our results. Our finding that lambda is most sensitive to changes in adult survival followed by juvenile survival is not unusual for large mammals. Individual female reproductive success, however, is significantly lower in the latter half of this study, most likely because of a decline in survival of 0-to 1-year-old cheetahs (Kelly et al. 1998) . Lions affect cheetah recruitment (Laurenson 1995; S.M.D. et al., unpublished data) , and lion numbers on the Serengeti Plains have dramatically increased, peaking in 1986 and again in 1993 (Hanby et al. 1995 ). An epidemic of canine distemper virus reduced lion numbers by one-third at the end of 1993 and beginning of 1994 (Roelke-Parker et al. 1996) , but the lion population is currently recovering.
Given the fluctuating nature of the cheetah population, it is particularly important to examine the results of our environmental stochasticity trials. Even when the population growth rate is one or greater, populations are still subject to extinction due to stochasticity. We therefore examined the sensitivity of extinction risk to changes in demographic parameters. We found that extinction risk was most sensitive to proportional changes in adult survival. Nevertheless, a proportional change in a number close to 1.0 (adult survival) versus a number close to zero (juvenile survival) results in very different actual numbers of cheetahs. By examining actual survival values (Fig. 4b) , rather than proportional change from the mean, we see that increasing survival of 0-to 1-year-olds from the mean of 0.10 to 0.12 decreases extinction risk to zero. This 20% increase is equivalent to an increase in survival of only 2 cubs per every 100 cubs born. Changing adult survival from the mean of 0.85 to 0.91, to obtain a zero extinction risk, requires the survival of an additional 6 adult cheetahs per every 100 adults. This is a much smaller proportional change (7%) but requires more animals. Hence, when parameter means are very different from each other, it is advisable to examine the sensitivity of actual survival parameters rather than only proportional changes from mean values. The lack of feedback between cub survival and reproduction in our stochastic model, however, is a potential reason for our finding more emphasis on cub survival than have previous studies (Crooks et al. 1998) . Although extinction risk was sensitive to all three parameters, increasing environmental variance surrounding adult and juvenile survival (0-1 years) caused similar large changes in extinction risk. This was not the case for variation in adolescent survival, which was so high already that it was not possible to increase variance much further in the model.
Incorporating environmental variation into models causes projections to fluctuate dramatically in a manner that is magnified over time. Confidence limits for projections rapidly increase into the future (Fig. 3b) , making any single estimate of minimum viable population or time to extinction difficult to defend (Boyce 1992 ). Yet models that do not incorporate environmental variability produce overly optimistic estimates of population persistence (Goodman 1987; Pimm et al. 1988) . It is instructive to see that we have little ability to predict the fate of any single population, including the cheetah population. Real systems with moderate levels of annual fluctuations are unpredictable, as our model suggests.
We did not include our genetic modeling of the cheetah population here because many have argued against the use of genetic modeling in PVA (Dawson et al. 1987) . Walters (1991) describes genetic models as imprecise because they are based on idealized (N e ) populations. Although the relationship between the size of an idealized population and loss of genetic variability is well understood, the link between genetic variability and population viability remains to be established (Shaffer 1981; Lande 1988b; Simberloff 1988; Nunney & Campbell 1993) . Cheetahs exhibit low levels of heterozygosity and as a result have been hypothesized to suffer decreased fitness and hence increased vulnerability to extinction (O'Brien et al. 1985 ), yet the species has survived the hypothesized bottleneck and has spread.
It is unlikely that inbreeding depression is causing a decrease in fecundity in wild cheetahs. Recent work has shown that the captive cheetah population does not exhibit symptoms of inbreeding depression, low fecundity, or higher juvenile mortality than other captive felids (Wielebnowski 1996) . In addition, the same study showed that inbred zoo cubs had lower survival than noninbred cubs, indicating that variation exists at the loci affecting juvenile survival (Wielebnowski 1996) , as has been suggested (Pimm 1991; Hedrick 1992; Caughley 1994) .
Implications for Conservation
Fortunately, Serengeti cheetahs are not showing a drastic deterministic decline to extinction, as their population growth rate on average is close to 1.0. Extinction risk may still be relatively high because of environmental stochasticity, however, particularly surrounding adult and juvenile survival, and high lion numbers can increase extinction risk through their effect on young juveniles (0-1 years old). Unfortunately, it may not be logistically feasible to increase either biological rate within the Serengeti National Park. Decreasing extinction risk or increasing growth rate by increasing adult survival is extremely unlikely because cheetahs are well protected within the borders of the national park. Increasing juvenile survival in the wild is also difficult because culling lions and hyenas within protected areas to reduce predation is politically unpopular. Constructing artificial lairs or raising cheetahs in protected enclosures is financially and logistically difficult and its effectiveness unpredictable. Within the national park, it is likely that adult survival will remain consistently high and that young juvenile survival will fluctuate depending on predation pressure.
Generally, for any large, long-lived species, population growth will likely be most sensitive to changes in adult survival. But if adults are already protected within a reserve, it may be more important to focus conservation efforts on other parameters that do not affect population growth as strongly. Hence, for cheetah conservation, it is important to continue to monitor lion numbers and their effect on cheetah cubs.
Cheetahs are highly mobile in the Serengeti. The average home-range size of females has been estimated at 833 km 2 (Caro 1994) , and they are capable of moving from the center of the park out into surrounding game reserves in a matter of days. In Namibia it has been suggested that cheetahs emigrate out of protected reserves because these reserves have high densities of other predators that are themselves likely to be seeking refuge from hunting pressure in surrounding reserves (95% of cheetahs occur outside of protected areas in Namibia; Berry et al. 1996) . Also, in Namibia, litter size when cubs are 10 months old is 4.0, twice that of the Serengeti (McVittie 1979) , indicating that cheetahs exhibit signs of predator release and hence can potentially rear large litters in the absence of predation.
Cheetahs perhaps provide a good example of a fugitive vertebrate species (Levin & Paine 1974; Hanski 1990; Shorrocks 1991; Tilman 1994; Tilman et al. 1994) . They are excellent dispersers but poor competitors in comparison to other large predators, always losing in di-rect competition for food and suffering high mortality from predation (Durant 1998b) . Cheetahs do actively avoid lions (Durant 2000) , however, and they appear to seek out "competition refuges" with low densities of lions and hyenas. Their mobility is likely the key to their continued co-existence with other predators (Durant 1998b) .
Conservation of cheetahs may rely on their protection outside protected areas as well as within core areas of national parks. The secretive and elusive nature of cheetahs may allow them to exploit edges of parks where other large, aggressive, and gregarious predators are exterminated by human hunters. Although edge effects have received negative attention in conservation biology (Wilcove 1985; Wilcove et al. 1986; Simberloff et al. 1991) , edge effects can be positive for certain species. Lovejoy et al. (1986) point out that secondary successional forest, rather than primary core forest, provides better shelter and food for tamarins and marmosets, especially in the absence of competitors and predators. In game reserve areas surrounding the Serengeti National Park, hunters and pastoralists preferentially hunt other predators but rarely hunt cheetahs. Such buffer zones would require minimal management effort and may then support high numbers of cheetahs. Aside from this possibility, we are forced to conclude that cheetahs will remain at low density and at risk from extinction even in protected areas where adult survival is high, if these areas support high numbers of other large predators.
